The Earth's atmosphere is definitely one of the most intriguing (yet perplexing) topics to explore because it performs crucial functions to lay the foundation for prosperous lives. Biologically, it shields the biosphere from harmful solar radiation. Physically, it is our 'green house' that makes the planet habitable by trapping heat energy. Without this precious layer of gases, the earth could not be much different from other planets. Generally, the domain of the atmosphere includes the inner breathable layer of gases as well as the outer region of space influenced by solar wind. The atmosphere extends up to approximately 2000 km above the ground.
As mentioned, the source of energy warming the atmosphere is the heat from sun in the form of electromagnetic radiation with short wavelengths. In terms of spectra, the radiation is 10% of ultraviolet, 40% visible light which can pass through the atmosphere without being absorbed, 49% short infrared, and 1% higher energy and x-radiation. Around 70% of the energy carried by the electromagnetic waves is absorbed, while the atmosphere, clouds, and ground surface directly reflect the remaining 30%. . However, the energy absorbed will eventually be re-radiated back to space largely via infra-red waves after receiving solar radiation with short wavelengths. It is explained by Kirchhoff's law of thermal radiation and Wein's law.
One might think that as we go up the atmosphere, temperature should gradually decrease and reach a minimum upon reaching outer space due to the re-radiation. But surprisingly, it actually varies up and down a few times as a result of the changing average kinetic energy of air molecules.
In the lowest layer called the troposphere [ Figure 1 ], as height increases, it gets colder up until reaching the tropopause, the junction between troposphere and stratosphere. Moving upwards, the temperature increases through the stratosphere. The rise stops at the stratopause, which separates the stratosphere and the mesosphere above. Then, the temperature starts to fall again at the mesosphere. This drop is greater than that in the troposphere as the lowest temperature is achieved at the mesopause. Finally, it becomes even hotter at the thermosphere above, achieving the highest temperature among all the levels at the thermopause. [1] This is only the general trend along the atmosphere -the detailed variations are significantly dependent on different latitudes and longitudes, seasons, solar activity, and miscellaneous disturbances such as global warming and volcanic eruptions.
The troposphere extends around 7 km from the poles and 17 km from the equator.
The temperature decreases from around 290 Kelvin at the surface to 220 Kelvin at the tropopause. It is named after 'tropos', a Greek word which means 'turning and mixing'. As the atmosphere is heated from below by solar radiation, the hotter air near the ground expands and becomes less dense, displacing the cooler air above. The sinking cool air in turn is heated by the surface and rises again. Thus, a convection current is formed. The troposphere contains 99% of the total water vapour in the atmosphere, the constant mixing of air and turbulence creates the weather and forms clouds.
Gravity is the main force contributing to pressure in the atmosphere. It is highest at sea level (101.9 kPa, where 1 Pa = 1Nm^-2) and decreases almost exponentially with increasing altitude, given by the Barometric formula: [2] ∆P/∆H = -g. r Approximately, 90% of the weight of the atmosphere lies within the troposphere.
The Lapse Rate is the rate of change of temperature with gain in height. In the troposphere, it has a negative value because temperature decreases up the layer. When a certain parcel of air rises due to disturbance, it expands in volume because the pressure is lower. The expansion is adiabatic, which means there is essentially no heat exchange during the process. This is because air is such a poor thermal conductor that the amount of heat exchange is negligible in a very short period of time.
The first law of thermodynamics states that: ∆U = Q + W (where U is the internal energy, Q is the thermal energy and W is the work done).
Q can be ignored as the value is negligible, we get:
Work is done on the surroundings by the gas when it expands. By the following equation: W = -P. ∆V (where P is pressure, and V is volume) Expansion of air increases its volume, therefore, work done becomes negative, and therefore, change in internal energy is also negative.
As the decrease in internal energy equals work done by gas in expansion, when considering one mole of gas:
Cv. ∆T = -P. ∆V, where Cv is the molar heat capacity at constant volume and T is the temperature (*) ∆T/∆H = -0.0285702 (9.806)/3.5 (8.134) @ -9.8 K per km [3] (vibration contribution of nitrogen and oxygen to the heat capacities is negligible) To conclude the above, in the troposphere, the temperature decreases as altitude increases, while the reverse occurs for a sinking parcel of air.
However in reality, as mentioned, the troposphere contains 99% of the water vapour contained in the layers in the atmosphere. Also, the maximum vapour concentration is found near the surface due to evaporation of water. As a result, air does not behave as an ideal gas anymore if we take the presence of water vapour into account. The actual temperature drop rate is called the environmental lapse rate, which averages -6.5 Kelvin per km.
As air rises and expands, temperature would eventually reach the condensation point of water where water vapour condenses to droplets. This change of state releases latent heat of vaporization to the surroundings, so the drop in temperature in reality is smaller. Despite the fact that the above calculations describe the adiabatic change for 'dry' air, we can assume that the air is 'dry' if it is not saturated with water. This is because air cools at the dry adiabatic lapse rate until the vapour condenses at dew point.
The Polar Regions are exceptional because temperature decreases with altitude initially. It is a temperature inversion, a phenomenon also occurring at the stratosphere and thermosphere.
The tropopause is the boundary between troposphere and stratosphere. Temperature stops decreasing here and the air almost becomes completely dry. Beyond this layer, the stratosphere extends 11-50 km above the surface. Temperature starts from 220 K and rises to 275 K at the stratopause. Since air is warmer at the top of the layer than at the bottom, convection does not take place and all vertical mixing is impeded. In fact, the name 'stratosphere' originates from the stratification of air in this layer. As a result, the stratosphere acts as a 'lid' that contains the turbulences below in the troposphere and limits cloud height.
The rise in temperature along the stratosphere is due to the fact that oxygen molecules absorb highly energetic ultra-violet radiation emitted by the sun. The photolysis of oxygen molecules leads to production of ozone. Subsequently, ozone is destroyed by ultraviolet radiation and a continuous cycle of oxygenozone is formed. Both, creation and destruction of ozone, (called the Chapman mechanism), convert energy carried by the UV radiation into heat which warms the stratosphere.
The action of a three-body reaction is crucial to understanding the Chapman mechanism. [4] For two species, A and B, to produce a single product AB, an initial reaction takes place where an excited product AB* is produced.
A + B → AB* This excited product carries excessive energy and needs a third body (M) to remove the excess energy in order to produce the final product AB. The third body is excited in this reaction and eventually will convert the excess energy into heat.
The third body can be any inert molecules. The excited product will eventually break down into their original components in the absence of the third body because it is short-lived.
In general:
The Chapman mechanism begins with the photolysis of oxygen molecules present in the stratosphere. They are constantly bombarded by photons of ultraviolet radiation emitted from the sun.
Photons are quanta of light carrying energy, given by the equation:
Where h is Planck's constant (6.626×10^-34 Js) and ƒ being frequency of the electromagnetic radiation.
There can be no accumulation of energy from several photons. The energy does not depend on amplitude or intensity of the wave, but depends only on its frequency.
The bond enthalpy of an oxygen molecule is 498 kJ/ mol, which means a total of 498 kJ of energy must be supplied in order to break one mole of oxygen double bonds. From the above equation, for a single oxygen molecule this corresponds to a frequency of 1.253×10^15 Hz. n = ƒl where v is the speed of the wave, and l is the wavelength of the wave.
A minimum photon wavelength of 239.5 nm is needed in order to break the bond and split apart an oxygen molecule. This falls on the ultra-violet spectrum, in particular, the UV-C region where wavelength ranges from 100 nm to 280 nm. Therefore, the extremely harmful UV-C radiation is effectively shielded from the below by the absorption action of oxygen molecules in the stratosphere.
The oxygen atom is now at its ground level triplet state. It is highly reactive due to the two unpaired electrons. It then combines with an intact dioxygen molecule to form ozone:
This is a three-body reaction where an inert thirdbody (e.g. Nitrogen) must be present to take away the excess energy and dissipate it as heat to the surroundings. This is one of the ways by which the stratosphere is warmed. [5] Undoubtedly, ozone concentration is finite in the atmosphere. The balance is maintained by several destruction processes which are radical-assisted reaction chains. They are important sources of heat production in the stratosphere.
Radicals are relatively reactive species in the atmosphere. Pressure in the atmosphere decreases exponentially with height and collisions between molecules are rare due to the low concentrations. However, radicals are more 'reactive' because they have an unpaired electron in their outer shell which gives them high free energy. A radical usually has an odd number of electrons in total (e.g. NO 2 ), but both atomic and molecular oxygen are exceptions.
The first step of radical formation involves input of energy because radicals possess high free energy. In the atmosphere, this external source of energy comes from solar radiation:
The production of radicals then triggers the reaction chain: [6] Radical + Non-radical → Radical + Non-radical … (2)
(2) produces a radical which goes on to propagate the reaction itself, while the non-radical can be photolyzed again in (1).
The chain terminates when two radicals react:
This reaction is slow due to the fact that the collisions between radicals are infrequent as they are in low concentrations.
The first mechanism for ozone destruction is called the ozone -oxygen cycle in the Chapman mechanism. [7, 8] For the sake of comparison, if we assume that an ozone molecule has two normal double bonds, the average bond enthalpy is calculated as follows: Therefore, a total of 1779.4 kJ must be supplied.
As there are four double bonds created in two ozone molecules, the average bond energy is 1779.4/4 = 444.85 kJ/mol theoretically.
However, in reality, there are two half-bonds in each ozone molecule. They only count as one single bond; therefore, the estimated bond energy to remove one oxygen atom from an ozone molecule is simply:
(498 kJ/2).(3/2) = 373.5 kJ/mol
In this ozone-oxygen cycle, the ozone molecule is again struck by high-energy photons (UV radiation) to undergo photolysis: [9, 10] This corresponds to a frequency of 9.39×10^14 Hz and a minimum photon wavelength of 319.3 nm. This range falls on the spectrum of UV-B radiation, meaning that it is also filtered out effectively. UV-C photons are also energetic enough to photolyze ozone.
The excited oxygen atom O ( 1 D) is quickly stabilized by a third body (e.g. nitrogen or another dioxygen molecule) to become O ( 3 P). Heat is released and this is another way to warm the stratosphere. [11] (The electronic structure of an oxygen atom in its triplet ground state, O ( 3 P Although ozone is split apart, the oxygen atom is still highly likely to react with another intact dioxygen to regenerate ozone. The termination of the chain requires the combination of ozone and the ground state oxygen:
The above ozone-oxygen mechanism is insufficient to remove enough ozone to keep a balance in atmospheric concentration. The equilibrium is further complemented by several catalytic loss cycles where reactive free radicals are involved; they include hydrogen oxide, nitrogen oxide, and chlorine radicals. [12] The hydrogen oxide radicals Firstly water is involved in the cycle. It is transported up from the troposphere as well as produced by the oxidation of methane within the stratosphere. The excited oxygen atom produced in photolysis of ozone is now reduced by water:
Next, the hydroxyl radical OH reacts with ozone:
The HO 2 in turn combines with ozone again:
Therefore, the net reaction is:
This is a catalytic cycle because the species HO x is reserved and can be reused again to remove ozone.
The terminal reaction is:
Nitrogen oxide radicals
In the stratosphere, NO reacts rapidly with ozone to produce NO 2 :
Subsequently, it undergoes photolysis:
Again heat is produced to warm up the stratosphere. However, combining the above equations, there is no net removal of ozone. The catalytic depletion of ozone is achieved by reaction between NO 2 and an oxygen atom:
If this is combined with the initial reaction, net ozone is removed:
Chlorine radicals
This final cyclic mechanism is actually conducted by industrial emissions called chlorofluorocarbons (CFCs). As CFCs are inert in the troposphere, they are transported upward to the stratosphere and are photolyzed by UV radiation:
The chlorine atom produced reacts with ozone:
Therefore, the net reaction becomes:
Termination of the equation is:
Finally, it also involves production of heat:
To summarize, the above explained how UV radiation is converted into heat energy to warm up the stratosphere. The temperature rise is contributed to by the creation of ozone from photolysis of oxygen molecules as well as its destruction through the ozoneoxygen mechanism and several catalytic loss cycles.
Temperature variation along the stratosphere is another major aspect to look at. As the stratosphere is an inversion layer, temperature increases with height. This is due to the combined effects of distribution and production of ozone.
One might think that the concentration of ozone is greatest at the top of stratosphere because it reaches maximum temperature there. This is partly true because the rate of production of ozone is indeed highest at the top where solar radiation is strongest, averaging 5×10 6 molecules per cm 3 per second. However, it is also true that the greater the radiation, the faster the rate of ozone destruction which generates heat. Therefore, heating rate due to absorption of ozone is greatest at the top and thus the temperature becomes highest.
On the other hand, the area of greatest ozone accumulation is found in the middle of the stratosphere at around 25 km above the ground. This is where product of UV-C intensity and oxygen concentration is at a maximum. Below the peak, the density of dioxygen molecules is much greater than that at top as air density increases towards the surface. However, the rate of energetic photon arrival is scarce because most of them have been absorbed and filtered above. The rate of dissociation of dioxygen is slow. Due to limited production of oxygen atoms, the formation of ozone is also limited. Above the peak, ozone is short-lived because it is entirely controlled by photolysis with rapid creation and destruction. Therefore, the concentration is not as great as below despite achieving the peak temperature.
The mesosphere lies above the stratosphere beyond the stratopause. It is at the altitudes of 50-85 km above the surface. Temperature drops from 260 K at the stratopause to about 150 K at the mesopause, which is the lowest among all the layers.
The pressure and density of air decreases with height; therefore, oxygen becomes thinner and thinner through the mesosphere. However, the incident ultra-violet radiation in the mesosphere is much more intense than in the stratosphere; therefore, dioxygen molecules are mostly photolyzed by the energetic photons. After dissociation, the oxygen atoms would usually recombine to form dioxygen, subsequently being photolyzed again. In fact, the concentration of molecules is so low that oxygen essentially exists in atomic form at greater heights.
In the stratosphere where air is denser with higher dioxygen concentration, an oxygen atom is more likely to meet a dioxygen to form ozone. But in the mesosphere, the chance of atomic oxygen meeting an intact oxygen molecule decreases greatly with height. Therefore, ozone concentration decreases with height and there is less release of heat energy due to absorption of UV radiation. The rate of drop in temperature is even greater than that in the troposphere.
On the other hand, convection of air occurs in the mesosphere. Air at the bottom is warmer because there is higher ozone concentration and direct heating from the hot stratopause as well. Vertical mixing of air occurs and eddy diffusion intensifies. This contributes to the drop in temperature.
Also, radiative cooling becomes significant at the mesopause through the emission of carbon dioxide (at wavelengths of 15 micrometers). This is another reason for the dramatically low temperature at the mesopause. Carbon dioxide molecules are excited through collisions with oxygen atoms and the internal energy provided is radiated away, thereby cooling the mesosphere. [13] The thermosphere begins beyond the mesopause, and extends from 90-500 km above the ground. This is where the ionosphere is formed as well. It is another inversion layer where temperature increases with height where a staggering peak of 2000 K is reached. There is also a sharp 'local' rise in temperature from the mesopause until reaching an altitude of 140 km.
One difference between the thermosphere and the layers below is that it is classified as the heterosphere, because nitrogen and oxygen no longer have uniform concentration in total composition. Without convective mixing, the density of gases falls off exponentially and atmospheric gases tend to sort into layers according to relative molecular weight. The heavier a constituent such as oxygen and nitrogen, the quicker they fall off compared to lighter constituents like helium and hydrogen.
In the region between 120 -220 km, temperature increases with height because there is much more high energy radiation available, including extreme ultra-violet and X-rays. Their wavelengths range from around 110 nm -0.01 nm and the photons are extremely energetic. Species like nitrogen and oxygen photolyze and the peak loss for dioxygen molecules is at 120 km. Many would even ionize under bombardment of powerful photons as electrons are knocked off and positive ions are left behind. This contributes to the formation of the ionosphere.
For example, at around 95 km altitude the formation of N 2 + proceeds more rapidly due to increased exposure to energetic X-rays.
Subsequently, a series of highly exothermic reactions occurs:
The local peak temperature at 140 km corresponds to the F layer of the ionosphere where electron density is increased to a relatively high level compared to other regions. The increase in temperature in the lower thermosphere is mainly due to exposure to very energetic photons and the subsequent dissociation of species. However, further up in the thermosphere, the surge in temperature is due to the excess energy produced by ionization processes. The electrons heat up and collide with ions. Afterwards, the neutral gas is heated.
To summarize, the thermospheric temperature becomes highly dependent on the strength of solar radiation as well as other external drives (e.g. solar wind and activity) as altitude increases. Due to the low volume heat capacities and concentration of gases, even absorbing a small amount of energy can cause a significant increase in temperature.
An interesting fact is that we actually cannot feel the 'hotness' in the thermosphere nor can a thermometer measure it. This is because the concentration of gases is so low that the contact with the molecules cannot transfer enough energy to 'heat the detector'.
To conclude, here is a brief summary of this essay -how temperature goes up and down along the atmosphere.
First of all, temperature decreases with height in the troposphere because of the adiabatic expansion of a rising parcel of air. Work done in the surroundings is converted to a decrease in internal energy. Secondly, it gets hotter rising though the stratosphere because of the absorption of energetic photons (UV) during the creation and destruction of ozone. The excess energy in the reactions is dissipated as heat which warms the stratosphere. Thirdly, a greater decrease in temperature occurs at the mesosphere where the warming effect of ozone becomes less and less significant due to decrease in its concentration. Finally, it gets even hotter in the thermosphere because there are more energetic photons available. The dissociation and ionization of molecules contribute to the rise in temperature.
